Though the transition from cylindrical micelles to spherical micelles of the anionic surfactant potassium oleate in the presence of oils has been studied, these changes have not been studied for long-tail zwitterionic surfactants. The effects of n-decane, crude oil (CO), extra virgin olive oil (EVOO) and polyglycolic acid (PGA) on the zero-shear viscosity of an aqueous solution of a sulfobetaine surfactant system were investigated at 30 C and 60 C. The main surfactant in the system was erucamidopropyl hydroxypropyl sulfobetaine. The methods employed were rheology and cryo-TEM. The solution with 3.96 wt% surfactant system and 6.2 wt% CaCl 2 was viscoelastic at both test temperatures due to the formation of entangled cylindrical micelle networks. n-Decane induced the following regimes of zeroshear viscosity change at both temperatures: (i) the high viscosity regime (HVR), (ii) the transition regime (TR), and (iii) the low viscosity regime (LVR). The HVR was characterized by high zero-shear viscosities.
Introduction
Surfactants are composed of unimers that aggregate to form micelles at the critical micelle concentration.
1 Viscoelastic surfactants (VES) are a class of surfactants that have both viscous and elastic behavior.
2 Micelles can take different shapes depending on the type of surfactant, temperature, salinity and surfactant concentration. 3, 4 Micelles change from a spherical to a cylindrical shape with an increase in surfactant concentration, accounting for the increase in the viscosity of surfactant solutions.
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Cylindrical micelles in surfactant solutions are modeled as "living polymers" because they are able to break and reform. 9, 10 VES have important uses in oileld operations such as drilling, well stimulation and enhanced oil recovery. [11] [12] [13] They are used in well stimulation because of their ease of preparation and their stability at high temperatures. 11, 14 VES are used in well stimulation to improve oil and gas well productivity because they form high viscous gels which are desirable for well stimulation. [14] [15] [16] Aer well stimulation, the gels need to be removed from the reservoir in order to resume oil and gas production. VES gels are easily removed from oil reservoirs when compared to polymer gels 14 because reservoir oils reduce their viscosities easily.
11 This makes reservoir oil referred to as an external breaker of these gels. 17 But the reduction of the viscosity by reservoir oil is inefficient. 18, 19 Moreover, the gels are detrimental to natural gas production if le in the reservoir. 18 These factors led to the development of internal breakers: chemical compounds which are mixed with the VES solution to reduce the viscosity of the VES gel in the reservoir aer well stimulation.
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Experimental studies have determined how some organic compounds, especially hydrocarbons, reduce the viscosity of surfactant solutions with cylindrical micelles. These organic compounds reduce the viscosity of the surfactant solutions by solubilizing in the core of cylindrical micelles. 5, 6, 8, [28] [29] [30] Solubilization disrupts the cylindrical micelle structure, changing longer cylindrical micelles into shorter cylindrical micelles, Kralchvesky and coworkers 31, 32 determined the solubilization kinetics of non-polar oils in mixed cylindrical micelles of a nonionic surfactant and a triblock copolymer. The micelles adsorb on the oil-aqueous solution interface before solubilization takes place. 31 , 32 Shibaev and co-workers 30 showed there are three regimes of micelle change in viscoelastic solutions of potassium oleate at 20 C: (i) the micellar network regime (ii) the transition regime, and (iii) the microemulsion regime. The existence of micellar network regime was attributed to the reduction in length of the cylindrical micelles, disrupting the micelle network. This occurs when the oil solubilizes in the cylindrical micelles, preferably at the semispherical endcaps. The existence of the transitional regime was attributed to the simultaneous reduction in length of cylindrical micelles and the formation of microemulsions. Long-tail surfactants have been of interest of research due to their various applications as viscosifying agents. 5 Moreover, long-tail sulfobetaine surfactants have been reported to be a good candidate for especially high-temperature applications such as well stimulation. 33 Despite this interest, micellar changes of long-tail sulfobetaine surfactants induced by organic compounds have not been published. Moreover, previous studies revealing the kinetics of transition from cylindrical micelles to spherical micelles has been on potassium oleate surfactant solutions at low temperatures and with only alkanes. There is no clear mechanism on the effect of different oils and temperature on such a transition. The mechanism of viscosity reduction of long-tail sulfobetaine surfactant solutions aer the addition of an organic compound is especially important for any application that requires the viscosity reduction of such solutions. Furthermore, it is not known if a surfactant system with a different functional group and headgroup charge will follow the same behavior as potassium oleate when in contact with viscosity-reducing organic compounds.
Thus, the objective of this work was to investigate the mechanism of micellar changes that leads to a decrease in viscosity of a long-tail sulfobetaine surfactant solution. This was achieved by conducting rheological and cryo-TEM studies at two temperatures, and using four organic compounds at different concentrations.
Theoretical considerations
Viscoelastic uid behavior can be modeled using the Maxwellian uid model, which have the following relations
where h 0 is the zero-shear viscosity, G 0 is the plateau modulus, s R is the relaxation time, u c is the crossover frequency (the frequency at which G 0 is equal to G 00 ), and u is the angular frequency. Relaxation time represents the time it takes for a Maxwellian uid to release stress aer mechanical forces are removed.
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VES solutions have cylindrical micelles at high concentrations. The ends of a cylindrical micelle are semispherical in shape. According to Cates and Candau, 9 the average contour length of a cylindrical micelle, L, is related to surfactant volume fraction, c, by the following equation
where k b is the Boltzmann constant, T is the temperature in K, and E sciss , the scission energy of a micelle which is dened as the energy needed to break a micelle into two and form two new hemispherical endcaps. Cylindrical micelles break and reform, and also reptate (the slithering movement of cylindrical micelles). When breaking time, s br , is smaller than reptation time, s rep , VES uids act as Maxwellian uids with one single relaxation time, given by the relation
VES deviate from Maxwellian uid behavior at high angular frequencies. At this point, breaking time greatly exceeds reptation time. This leads to the existence of a local minimum of G 00 , G 00 min . 10 Cates and coworkers 9,10 derived the following relationship between micelle mesh size, x, and plateau modulus
Experimental section
Materials
A surfactant system composed of 40-45 wt% of erucamidopropyl hydroxypropyl sulfobetaine surfactant was obtained from AkzoNobel. The general structure of the surfactant 33 is shown in Fig. 1 , where: (i) R 1 is a saturated or unsaturated hydrocarbon chain with 17-29 carbon atoms (ii) R 2 and R 3 are each independently selected from a straight chain or branched, alkyl or hydroxyalkyl group with 1-6 carbon atoms (iii) R 4 is either H, hydroxyl, alkyl or hydroxyalkyl group with 1-4 carbon atoms (iv) k, m and n are integers from 2-20, 1-20, and 0-20, respectively. The system also contained sodium gluconate, ethanol, propylene glycol, water, and sodium chloride. The organic compounds used were n-decane (99% purity), crude oil, extra virgin olive oil (EVOO), and polyglycolic acid (PGA). Hydrated calcium chloride, n-decane, CaCl 2 $2H 2 O, and PGA were purchased from Panreac, Acros Organics, and DuPont, respectively. EVOO with a specic gravity of 0.907 was purchased from a local supermarket. The crude oil had a specic gravity of 0.897.
Samples preparation
The surfactant system (3.96 wt%) was dispersed in deionized water (Barnstead™ Nanopure™, Thermo Scientic) with 6.2 wt% CaCl 2 using a disperser (T 25 digital ULTRA-TURRAX®, IKA) at 5200 rpm for at most 5 minutes. The surfactant is insoluble in deionized water, which necessitated the use of salt.
For surface tension measurements, a batch solution of surfactant was prepared and le for a day. For rheological measurements, the surfactant solutions were mixed with the organic compounds and equilibrated for one week at 30 C and 60 C. In case there was phase separation in the solution, the surfactant solution phase was tested.
Surface tension
Surface tension measurements were done using the Sigma 702 tensiometer (Biolin Scientic) with a platinum Du Noüy ring at 30 C and 60 C. A Julabo water bath was used to set up the temperatures at the test temperatures. The initial batch was le to equilibrate for 30 minutes at the required temperature before the rst measurement. The sample was then diluted with CaCl 2 solution, stirred, and then le for ve minutes before taking the next measurements. The sample was fully covered during temperature equilibration at 60 C to minimize evaporation. During the measurement at 60 C, the samples were covered enough to allow the ring to pass through the covering.
Rheology
Steady and dynamic rheological measurements were performed using the Discovery Hybrid Rheometer 3 (DHR-3) from TA Instruments. Both rheological measurements were carried out at 30 C and 60 C in a DIN concentric cylinder geometry (cup diameter of 30.43 mm, and bob diameter and length of 28 mm and 41.92 mm respectively). A solvent trap was used to minimize water evaporation. The shear rate range used for steady shear viscosity measurements was 0.001-1000 s À1 . The zeroshear viscosity was estimated using the best-t correlation option in the rheometer soware, or by extrapolation at low shear rate regions. Dynamic shear measurements were conducted within an angular frequency range of 0.1-100 rad s À1 in the linear viscoelastic region of each solution.
Cryo-TEM
Gel samples with olive oil were further diluted with ethyl acetate in order to obtain a proper concentration for the TEM observation. Meanwhile, gel samples without olive oil were further diluted in milli-Q water. A 50 ml droplet of the suspension was placed on a TEM copper holey carbon grid (AGAR SCIENTIFIC), and the solvent was le to dry out overnight. Finally, a droplet of phosphotungstic acid was added as a negative stain to enhance the contrast of the organic material in the TEM images. The TEM grids were analyzed in a Tecnai F30 microscope (FEI company), operated at 300 kV, coupled with a Gatan CCD camera. Images were obtained and analyzed with the soware Digital Micrograph (Gatan) in Bright Field TEM mode.
Results and discussion
The discussion is divided into three parts. The rst two parts discuss the surface tension and rheological properties of the pure surfactant solution. The last part discusses the effect of the organic compounds on the rheological properties of the surfactant solution.
Surface tension of the pure surfactant solution
The surface tension of the surfactant solution decreased with temperature. The critical micelle concentrations (CMCs) were approximately 1.3 Â 10 À1 wt% and 5.0 Â 10 À3 wt% at 30 C and 60 C, respectively. This is determined from the break point in the variation of surface tension as shown in Fig. 2 . The CMC at both temperatures differ by a factor of around 26. This is due to the fact that the surfactant monomers had more kinetic energy to aggregate at 60 C.
Rheology of the pure surfactant solution
The rheology of 3.96 wt% surfactant aqueous solution was investigated at 30 C and 60 C. The zero-shear viscosity of the solution increased during the equilibration period at both temperatures (see Fig. S1 †) . This is probably due to the fact that the tail length makes the monomers require more time to reach equilibrium.
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The viscosity of the surfactant solution as a function of shear rate at both temperatures measured aer the equilibration period is shown in Fig. 3 . There was a transition from the Newtonian to the shear-thinning region with increasing shear rate at both temperatures. The transitions at both temperatures were evidence that the surfactant solution had cylindrical micelles that aligned themselves along the direction of ow at both temperatures. 34, 35 Cryo-TEM conrmed the presence of micelles in the surfactant solution equilibrated at 30 C (Fig. 4) , even aer dilution with ethyl acetate (see Fig. S2 and S3 †).
There was a sharp drop in viscosity during the transition from the Newtonian to the shear-thinning region from the viscosity against shear stress plot at both temperatures (Fig. 5) . This is considered a characteristic of shear-banding during the transition from the Newtonian to the shear-thinning region; the separation of a uid into macroscopic sections with different shear rates. 36 This implies micelle networks were present at both temperatures. Moreover, there was an inection point during this transition from the shear stress versus shear rate plot at 30 C (Fig. 6 ) and an apparent yield stress at 30 C as seen from the viscosity versus shear stress graph (Fig. 5 ). An inec-tion point and apparent yield stress have been reported in another erucyl-tailed sulfobetaine surfactant, 3-(N-erucamidopropyl-N,N-dimethyl ammonium)propane sulfonate (EDAS). This was explained to be as a result of shear banding. 34, 37 Given the presence of shear-banding at both temperatures, the presence of the inection point at 30 C shows shear banding was more prominent at the lower temperature than at the higher temperature. This was most likely due to the greater closeness of the cylindrical micelles to each other at 30 C than at 60 C. The closeness of the cylindrical micelles might also explain why the zero-shear viscosity of the surfactant solution was higher at 30 C than at 60 C (Fig. 3 , see estimates in Table   S1 †). This will be elaborated when considering the dynamic shear rheology of the surfactant solution.
The dynamic rheology of the surfactant solution at 30 C and 60 C is shown in Fig. 7 . G 0 dominated G 00 within the tested frequency range at both temperatures. Moreover, the crossover frequency was absent within the measured frequency range. Erucyl-tailed amphoteric surfactants such as erucyl dimethyl amidopropyl betaine (EDAB), 5 EDAS 34 and erucyldimethyl amidopropyl amine oxide (EMAO) 38 have such behavior within attributed to gels. 5 But the existence of the Newtonian region at low shear rates (Fig. 3 ) and G 0 (Fig. 7) is evidence that the surfactant solution followed the Maxwellian uid model at low angular frequencies at both temperatures. Chu and Feng showed that a solution with 100 mM and 250 mM of EDAS followed Maxwellian uid behavior even with the total dominance of G 0 over G 00 within an angular frequency range of 0.01-100 rad s À1 . 37 This implies the surfactant solution had a crossover frequency at both temperatures. The crossover frequencies and relaxation times of the surfactant solution at both temperatures are estimated from eqn (1) and (2) (Table S1 †). The estimated crossover frequencies at both temperatures were below 0.1 rad s À1 . Thus, the absence of the crossover frequency was because the angular frequencies used for measurement were not able to detect the crossover frequency. According to Granek and Cates, 10 another evidence for the presence of entangled wormlike micelles is the presence of G 00 min on the dynamic rheology prole. The presence of G 00 min shows the deviation of the uid from Maxwellian behavior at high angular frequencies.
10 G 00 min was present at both temperatures. This means x can be estimated from eqn (6) . The estimated value of x at 30 C was lower than that 60 C (see Table S1 †), signifying that the micelles were highly entangled at 30 C than at 60 C. This explains why the viscosity of the surfactant solution at 30 C was higher than at 60 C, and why shearbanding was more pronounced at the lower temperature than at the higher temperature. Micelles close to each other will offer more resistance to shear than micelles far apart. Also, the more the micelles are close together, the more the micelles will experience shear banding transitions.
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Such rheological behaviors have been attributed to the fact that the tail lengths are very long, thus high hydrophobic. This disfavors the exchange of monomers from one micelle to another through water whenever a micelle breaks and reforms. 
Rheology of surfactant solution with organic compounds
The effects of four organic compounds on 3.96 wt% of the surfactant system with 6.2 wt% CaCl 2 solutions were investigated. These organic compounds were crude oil, n-decane, EVOO, and PGA. The effect of the oils and PGA at both temperatures will be presented and discussed separately.
Effect of the oils
The estimated zero-shear viscosities of the surfactant solutions with 0.1-3 wt% of n-decane and crude oil are shown in Fig. 8 and Fig. 9 , respectively. Zero-shear viscosities were higher at 30 C than at 60 C. The response of the surfactant solution to increasing EVOO and crude oil concentrations were similar at both temperatures (see Fig. S4 †) . n-Decane induced drastic drops in zero-shear viscosity at both temperatures. Meanwhile, crude oil and EVOO induced drastic drops only at 60 C.
The estimated difference in zero-shear viscosities between the surfactant solutions with the oils and the pure surfactant solutions at the test temperatures are in Table S2 . † At 30 C, 0.9 wt% n-decane induced a difference of approximately two orders of magnitude, whereas 0.9 wt% EVOO and crude oil induced a difference of approximately one fold. The steady state rheology of the surfactant solutions with 2 wt% and 3 wt% of crude oil and EVOO were measured to check if the effect of 0.9 wt% of these oils were due to low oil concentrations. The differences induced by 3 wt% crude oil and EVOO were less than ten folds. Meanwhile, the viscosities of the surfactant solutions with 2 wt% and 3 wt% n-decane were approximately 0.001 Pa s (Fig. 8) ; an approximate difference of ve orders of magnitude. At 60 C, 0.9 wt% of the oils induced drastic differences, with ndecane inducing the greatest difference. This was also the same with 2 wt% and 3 wt% of the oils at 60 C. Hence, n-decane was the most efficient breaker among the oils at both temperatures. Furthermore, temperature enhanced the breaking effect of crude oil and EVOO on the surfactant solution. Zero-shear viscosity reduction by non-polar oils is linked to the solubilization of oil molecules in the micelle core. 7, 8, 29, 30 The solubilization of the oil molecules in the micelle core disrupts the micelle structure, leading to structural changes and reducing the zero-shear viscosity of a surfactant solution. Because crude oil and EVOO did not induce drastic viscosity differences like n-decane at 30 C, these oils faced a barrier to solubilization in the micelle core. The solubilization mechanism of non-polar oils by cylindrical micelles proposed by Kralchevsky and co-workers 31 will be used to interpret the results, as this mechanism has been experimentally veried. 32 Moreover, the formation of cylindrical micelles as soon as the surfactant system was dissolved in the aqueous solution will be taken into account. The effect of temperature explained as follows: temperature increased the average number of transient adsorptions of cylindrical micelles on the oil-aqueous solution interface. Temperature also increased the kinetic energy of the oil molecules, permitting oil molecules to migrate from the oil phase into the cylindrical micelle core. It is only in the cylindrical micelle core that oils can solubilize as they are insoluble in a salt solution. The increase in temperature provided the kinetic energy necessary for crude oil and EVOO oil molecules to overcome the barrier to solubilization. To conrm that competition between the different components in EVOO and crude oil did not affect their solubilization in the micelles, the effect of octadecane at 60 C was tested. The viscosity of the surfactant solution with octadecane was also higher than that of the surfactant solution with n-decane (see Fig. 8 and Table S2 †) . This conrms oil molecular weight is a signicant factor for oil solubilization in micelles. Zero-shear viscosity dropped with increasing n-decane, crude oil, and EVOO concentration (Fig. 8, Fig. 9 and Fig. S4 , † respectively). The oils induced several regimes of viscosity change, similar to Shibaev and co-workers.
30 n-Decane induced three regimes at both temperatures in the following order: (i) the high viscosity regime (HVR), (ii) the transition regime (TR), and (iii) the low viscosity regime (LVR). Each regime existed within a concentration range. The other oils induced only the HVR at 30 C, and the HVR and TR at 60 C.
High viscosity regime. This regime was characterized by high viscosity. The following oil concentrations delineated this regime: (i) 0.1-0.5 wt% n-decane at both temperatures (Fig. 8) (ii) 0.1-3 wt% crude oil and EVOO at 30 C ( Fig. 9 and Fig. S4 † respectively), (iii) 0.1-0.5 wt% crude oil at 60 C (Fig. 9) , and (iv) 0.1-0.25 wt% EVOO at 60 C (Fig. S4 †) . There were transitions from the Newtonian to shear-thinning regions from the steady shear rheology plots (Fig. S5-S10 †) . The surfactant solutions with these oil concentrations showed characteristics of shear-banding transitions as seen from the shear stress vs. shear rate graphs ( Fig. S11-S16 †) . These shear-banding transitions are also seen in some cases from the viscosity vs. shear rate graph. They are represented by the presence of a maximum during the transition from the Newtonian to shear-thinning region ( Fig. S17 and S18 †) . Moreover, G 0 and G 00 min were present from the dynamic shear rheology at these concentrations (Fig. S19-S24 †) . These features support the existence of dense micelle networks in this regime.
The reason for the existence of this regime depended on the nature of the oil. This is because the concentration range for which the HVR existed for n-decane was lower than that of crude oil and EVOO. It is suspected that the existence of the HVR in the case of n-decane was mainly due to the concentrations not being enough to prevent the formation of a micelle network. In the case of crude oil and EVOO, it is suspected that there were few molecules in these oils that had enough kinetic energy to penetrate the micelles at 30 C, even at high concentrations. These oils have molecules of high molecular weight and complex structure, which might be a reason for the solubilization barrier. The HVR did not exist at high concentrations of crude oil and EVOO at 60 C. Thus, the reason for the existence of HVR at 60 C was possibly mainly due to the low oil concentrations. The transition regime. The oil concentration ranges for this regime were as follows: (i) 0.5-2 wt% n-decane at 30 C (Fig. 8) (ii) 0.5-0.9 wt% n-decane at 60 C ( Fig. 8 ) (iii) 0.5-3 wt% crude oil at 60 C (Fig. 9) , and (iv) 0.25-3 wt% EVOO at 60 C (Fig. S4 †) .
Viscosity dropped sharply with increasing oil concentration in this regime. The micelles in this regime were cylindrical as there are transitions from the Newtonian to the shear-thinning region with increasing shear rates (Fig. S5-S10 †) . G 0 was absent in these concentration ranges (Fig. S19-S24 †) , implying that the cylindrical micelles were untangled; micelles cannot entangle when they are shortened. 30 Cryo-TEM revealed the presence of short cylindrical micelles in surfactant solutions in the following conditions: (i) 3 wt% EVOO equilibrated at 60 C (Fig. S27 †) , and (ii) 0.9 wt% n-decane equilibrated at 30 C (Fig. 10) . The existence of this regime is due to the presence of enough oil molecules to prevent the formation of entangled micelle networks. The low viscosity regime. Only n-decane induced this regime. The concentration ranges which delineated this regime were 2-3 wt% at 30 C, and 0.9-3 wt% at 60 C (Fig. 8 ). The surfactant solutions had Newtonian uid behavior; the viscosity did not change with increasing shear rate ( Fig. S5 and S8 †) . This is evidence that microemulsions were present in the solution. 5, 7, 8, 30 Cryo-TEM revealed the existence of microemulsions along with short and thin cylindrical micelles in the surfactant solution with 3 wt% n-decane equilibrated at 60 C (Fig. 11) . The existence of this regime was due to enough n-decane available to transform cylindrical micelles into microemulsions. Thus, the formation of each regime depended on the balance between the formation of a dense micelle network and the solubilization of the oils by cylindrical micelles. Furthermore, we show for the rst time that the formation of each region also depends on the type of oil which is solubilized by the micelle.
Effect of PGA
The steady shear rheology of the surfactant solutions with 0.1-0.9 wt% PGA at 30 C and 60 C was similar in some aspects to that of surfactant solutions with crude oil at 30 C. There were no signicant differences in zero-shear viscosity at both temperatures (Fig. 12 ). There were also transitions from the Newtonian to the shear-thinning region ( Fig. S26 and S27 †) and shear banding transitions ( Fig. S28 and S29 †) at all concentrations at both temperatures, implying that cylindrical micelles were present in the solutions. The dynamic shear rheology of the surfactant solutions with 0.1-0.9 wt% PGA at 30 C and 60 C was similar in some respects to that of the surfactant solutions with 0.1-0.9 wt% crude oil at 30 C ( Fig. S30 and S31 †) . The region where G 00 dominates G 0 at lower angular frequencies and the crossover frequency were absent at both temperatures, except with the surfactant solution with 0.9 wt% PGA at 60 C. The reason for this absence is the same for the pure surfactant solution at both temperatures. The effect of PGA on these surfactant solutions can be understood by comparing its effect on the amphoteric carboxylic betaine surfactant, EDAB.
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Amphoteric carboxylic betaine surfactants become cationic or anionic at low and high pH respectively, 39,40 unlike sulfobetaine surfactants which remain zwitterionic at all pH. 40 Increasing the PGA concentration reduces the pH, changing EDAB into a cationic surfactant. This change increases the headgroup charge, thus increasing the effective headgroup area of the surfactant. The increase in the headgroup area reduces the packing parameter, changing EDAB from cylindrical to spherical micelles, which reduces the viscosity of EDAB solution. This mechanism was also proposed for the changes induced by sodium salicylate (NaSal) and sodium hydroxynaphthalene carboxylate (NaHNC) on EDAB. 5 Because the surfactant was a sulfobetaine, it resisted a change in charge with reducing pH. Therefore, the micelles were insignicantly affected.
Conclusions
In this work, we studied the effect of several organic compounds on a long-tailed sulfobetaine surfactant solution at 30 C and 60 C. Such a study has been conducted only with potassium oleate solution at 20 C. We show that there are at most three regimes of viscosity reduction as with viscous oleate surfactant solutions. But in contrast to oleate surfactant solutions, the number of regimes of viscosity reduction of the sulfobetaine surfactant solution depends greatly on the type and size of the organic compound being solubilized and the temperature. Both EVOO and crude oil, which have higher molecular components, produced one and two regimes at 30 C and 60 C, respectively in contrast to n-decane which produced the three regimes. PGA does not signicantly affect the surfactant solution even at high temperatures, meaning the surfactant is resistant to pH reductions even at high temperature.
Viscosity reduction of such a system is also affected by a balance between micellization and solubilization.
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